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IBM 7094 PROGRAM FOR
THE SIX-COIL PROBLEM

INTRODUCTION

One method of producing a uniform magnetic field with a very large volume
of homogeneity is to use a six-circular-coil system. This report gives a brief
description of the system, along with an analysis of its solution on the IBM 7094
computer.

SIX-COIL PROBLEM

A theoretical discussion of the problem is given in the 1963 final report of
the Goddard Summer Workshop Program.!

Our problem is to solve the following five equations:

f3.1+yf3.2+2f3,3:0 w
fs’1 +ysf5'2 + zt f5,3 =0

f7’1 +ys? f, 5+ zt2 f7,3 =0 > (1)
9

3 3
f L tys fgy2 + zt f9'3|:|0

4 4 _
fra+ys” £y, v2t? £, 3=0

J

where the f's are the derivatives of Legendre Polynomials and are defined as
follows:

by, Speiser and D. L. Waidelich, “The Six-Circular-Coil System” in “Final Report of the Goddard
Summer Workshop Program in Measurement and Simulation of the Space Environment” Publication
X-320-63-264, Goddard Space Flight Center, Greenbelt, Maryland, pages C113-C121.



f i:21x‘i‘_.14xf+1
f i:429xi6—495x‘.:+135x3-5

T (2)

£, , = 2431 x? -4004 xf + 2002 x'i1 - 308 xf +7

fll e 29393 xio ~- 62985 x? + 46410 x? - 13650 x‘; + 1365 xf - 21,
' J

where i =1, 3

This gives us five equations with seven unknowns: x,, X,, X;,y, Z, S, and t,
So that a finite number of solutions can be obtained, we shall assume values for

x, and X, This gives us x,, y, z, s, and t to find.

Initially we pick a trial value of x , and check to see if the first four equa-
tions are satisfied. When two satisfactory trial values have been found, an at-
tempt is made to satisfy the fifth equation by an iterative process that will be
explained later.

After a trial value of x, has been chosen (the method will be explained later)
the first job is to find all the non-negative values of s that are no greater than
some predetermined upper bound for s from the following formula.

F(s)=a,, s® + ag s5 +ag, s +ag, s+ a, s? yag s+ag =0, (3)
where
ags = — d; e; W
ags = ¢ - (dy e +d; €y)
Agq = 2¢, ¢y - (dy ey +dye, +dye)
ag, = (c? +2c5c,) -(dge; +d e, +dye +d; eo)?
ac, :20001 —(do e, +dl e, +d2 eo)
ag; = 5 - (dg e; +d; )
ago = = g €
J




and where

cy=2f,  fg  fo 6 B fg - f5 5 f 5 (fy fs.0 7.0 fo1
)
+f5, f5,1 f7,1 fg, )
_ 2 2
co =Py 505 f53 8,085 fo 1 -f35 05,671 o3 ,
2 2 A
dy=f, , g, (f5 5 565, - 1f53 fs 1 7.3
_ 2 2
dy =f; 565, f55 %, 55 fo o -f31 15,3 17,2 fo.1
. o s 6)
dyo=f; g fg £ 05,8 505, - 15, 155171 fo,2
_ 2 2
dy =1, fq (f5 5 05 565 - £33 65, ;3 )
_ 2 2 ™
ey =Py fg (g, 17 5 89 5 = f5 5 15 5 f5.35)
_ 2 2
e, =fy By, f5 38, 1 £ 0 69 5 f5, 05,1 7,5 fo2
) ) (7
LI FYPIR FIPIS FUUNE PR PEPSE PYPIEE PUPEE FEPEE fg.1
_ 2 2
eg =y 5 B, (g 15 564, - f5.5 £51 179

To solve our sixth-degree equation for s, we are using the Newton-Rapson
Method. The basic formula for this method is

F(s )

) (8)
" F (s,)

= S
Sn+1



where

n=iteration number

a g6 2

F(s) = ags s° + agg s

I

5 4 3
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F'(s):636655+5a655 +4a64s3+3a65 s +a

3 1+ Za

62 61

Before the iteration is started, we must find an interval that contains one
root. This is done by substituting values of s into F(s) until a change of sign
occurs. We start with s = 0 and increment s by .01 until s equals some inter-
mediate upper bound (predetermined) and then increment s by .1 until s equals
the predetermined upper bound. If no change of sign occurs by the time s equals
the upper bound our trial value of X, is discarded, and another trial value is used.
If F(s)= 0 in one of the substitutions, the value of s is considered to be a root of
F(s). In this program the intermediate upper bound has been set ats = 5, and
the final upper bound at s = 10. If different values are desired, the change
can be made by changing the source program and reassembling.

Once two consecutive values of S that give opposite signs when substituted
in F(s) are found, an initial estimate of the root must be made so that the itera-
tion can be started. In making the estimate, we shall assume that F(s) is linear
in the interval (a, b), so

__F@®-a (9)

S PR SR, S ——
0 F(b) - F(a)

Now, we go into the iterations where

F(s)
snﬂzs-,n, n=0,1, 2, 3,---
OF(s)
This iterative process is continued until
F(s)
Ns = 7 o S 10"8
" F(s,)




If this is not accomplished in ten iterations, it is assumed that there is no solu-
tion in this interval, and another interval is attempted.

After a solution has been found or after it has been ascertained that there is
no solution in the interval, an attempt is made to find another interval that con-
tains a root. This process of seeking intervals and roots is continued until the
upper bound on s is reached.

When all of the s 's have been found, the next job is to find the values of t
by the following formula

1,i
t, =1 (10)
B,
f5.3 (Al,i f3,1 + f7,1) Al,i f3,3 f5,1 W
Bri = A A
f7,3 Ay 50 f9,1) 2, i fs,s f7,1
> (11)
fs.1 17,3 Al,i £33 f5,,
B2 (=
£, 19,3 A2,1 fs.3 fh0
J
and where
~
A s, (g5 f5,0 =8, f51 £, 5)
1,1
3.0 5,0 -5; f3,1 15,2
C a2
s, (f f -s, f f, )
A, . = (7.2 f91 =% fr 2 i1, 2, , <6
' fo o £, -8 5.4 £ .2 )

Although all values of t are printed, only the positive values of t are used
in the subsequent calculations. If there are no positive values of t, a note to
this effect is printed, and the current trial value of x| is discarded as not being
suitable (and another trail value of x is substituted).



For each positive value of t that exists we shall find y and z from the follow-

ing relations

(X) _ f3.,3 f5,1 -4 f3,1 fs,3 (13)
z/; f32f51-sif31f5,2
f
zZ = - 3.1 (14)

y:<y> z, i-1,2---,%6 (15)

We now have X X5 X5, 8,t,y, and z such that the first four equations are
satisfied. Our next job is to satisfy the fifth equation—namely

4 4 _
fi1tys fi.,0+2t fi13 =0

To do this we shall use an iterative process of linear interpolation (or
extrapolation). We compute the fifth equation as some function g(x,) as shown
below

_ 4 4 (16
g(x)) =, vyst £, vzttt £y )

We then seek another suitable x,, and compute another g(x,;). The first estimate

of the truex, is obtained by

_%iB g(X;n) - Xy 8(Xp) (17)
g(xlA) - g(XlB)

X

where

XA = first acceptance Xy

X, = second acceptance x

1B 1




For the next approximation, x , becomes x,,, g(x,g)becomes g(x,,), X; becomes
X ps and another g(x,) is computed to become the new g(x;pr This process is
continued until

1 X1,

Xl,i+1

<10-7, i-iteration number

or until a previously specified number of iterations has been made. When com-
puting a new g(xl) , new values of s, t, y, and z must be found because they are
dependent uponx, . Also, since each x; can produce more than one s, and hence,
more than one t, y, and z. There can be more than one g(x,) for a given x_ ;
therefore, more than one computed x, can be obtained from a pair of trial x, 's.
From this, we see that the process of keeping track of everything can become
quite involved.

When all of the final x;'s have been found, the last thing to do is to compute
the values of s, t, y, andz for each x,. Also, in this last pass, four more sets
of values are found for each x,; these are

r. =Vs (18)

r, =Vt (19)

1 - x2
i, =L ! (20)
rg l_xg

1 - x?
P . (21)
rg l—xg

As a check these solutions are substituted in the left-hand side of the five
equations, and the results are printed.

At the start of this report I said that a couple values of x, are chosen, but 1
didn't say how they were obtained. There are several methods that can be used.
In this program, lower bound is chosen, and this is the first trial value of x, . If



this value doesn't work, a given increment is added to this value. This process
is continued until either a satisfactory x; is found, or until a predetermined
upper limit is reached. With this x; added to the given increment being the
lower bound, this process is repeated for the second x, . When the solutions
have been obtained for the five equations, the entire process is repeated with
the second acceptable trial x, being the lower bound. This goes on until the
upper limit has been reached.

This program was written for the IBM 7094 using Fortran IV. The appen-
dices show the actual program along with the Input/Output specifications. With

slight modification, this program should also work on other machines that use
FORTRAN IV,

INPUT

The two input data cards are punched as follows:

Card Number Columns Fortran symbol Format

1 1-14 X2 F14.7
15-20 blank -
21-34 X3 F14.7
35-40 blank -
41-42 MAXRUN 12

2 1-14 X1 F14.7
15-20 blank -
21-34 XMAX F14.7
35-40 blank -
41-45 DELTAX F5.3

For a description of the FORTRAN symbols, see Appendix C.

OPERATING AND MODIFYING INSTRUCTIONS

This program is designed to be run under version 8 of the IBM 7094 IBSYS
system using all seven index registers.

As the program is written, the upper bound on the acceptable solutions of
F(s) is s = 10. This value can be easily changed by changing the constant in the
comparison in statement 320 (card number 11260) in the source deck and re-
assemblying.
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$IBFTC COILG LISTsREF 10010
DIMENSION XA(2000)sXB(2000)9XC(2000)9sGA(2000)»GB(2000) s XpDUMI4)s 10020
1F3(4)sFS5(4)sF7(a)sFO(4)sF11(4)sS(T7)sLT(2000)5A1(T7)9A2(7)sB1(TY) 10030
2B2( 7)o TU7)sYOZ(TysZ(7)sY(T)sLTA(2000)sR2({T)sR3(T)sJ2(T)sJ3(7)s 10040
3LTB(2000) yCHECK(7+6) 10050
WRITE (3,10) 10060

10 FORMAT(IHLI/ /7777772777777 777777777771H +40Xs16HSIX-COIL PREGBLEM/110070
141) 10080
IRUN=1 16090
LMTA=1 10100
LMTB=1 10110
I1SL1=0 10120
1SL2=0 10130
1S5L.3=0 10140
ISL4=0 10150
15L5=0 10160
READ (2+20) X29sX3sMAXRUN 10170

20 FORMATI(2(F144796X)s12) 10180
10190

FIND ACCEPTABLE X11 AND X12 10200
10210

30 READ (2940) X19sXMAXsDELTAX 10220
40 F@RMAT(Z(F14.796X)’F5.3) 10230
XB(1)=X1 10330
WRITE(35110)X29X3 10340

110 FORMATU(IHY// /777777777777 77/1H0930Xs61HCOMPUTATION OF SIX-CO®IL PROBL10350
1EM WITH THE FOLLOWING INPUT DATA///1H +s40Xs5HX2 = sFlb447//1H +40Xs10360
25HX3 = sF1l4,7) 10370
1PAGE=0 10380

120 ICNTA=0 10400
ICNTB=0 10410
NA=1 10420
NB8=1 10430
NC=1 10440

130 IPAGE=IPAGE+1 10450
WRITE (35140) IPAGE 10460

140 FORMAT(1H19110X»SHPAGE +14) 10470
XINT=XB(NB) 10475
IF(ISL2-1)14791475143 10476

143 WRITE (35145) XINT 10477
145 FORMAT(1HO»43Xs26HFINAL COMPUTATION FOR X1l= sFl&4e7///) 10478
GO TO® 155 10479

147 WRITFE (3+150) XINT 10480
150 FORMAT(1HO»40Xs33HINTERMEDIATE COMPUTATION FOR Xl= sFl447//7) 10490
10500

LEGENDRE POLYNGMIALS 10510

14



C 10520

155 WRITE (3,160) 10530
160 FORMAT{1H »20HLEGENDRE POLYNGMIALS) 10540
WRITE (35170} 10550

170 FORMAT(IHO»1HI»14Xs5HF3{ 1) 920X s5HF5(1)920Xs5HF7(1)920Xs5HF9(1)920X10560
196HF11(1)) 10570
XDUM(1}=XINT*%2 10580
XDUM (2)=X2%%2 10590
XDUM (3)=X3%%Q 10600

PO 180 [=1,3 10610
F3(1)=5,%XDUM(I)—-1, 10620
FS(I)=(21e*XDUM{T)=144)%XDUM{I)+1 10630
FTUI)={{429,%XDUM(1)~4954)*XDUM(I3}+135,)%XDUM(I)-5. 10640
FOUI)={((2431%XDUM(T)=4004,)%*XDUM(1)+2002,)%XDUM{1)-308,)*XDUM{1)10650
1+7. 10651
F11(I)1=(( ({29393, *XDUM(1)-62985,) *XDUMI{[)+464104)*¥XDUM{1}-13650.) 10660
1#XDUM( 1141365 )%XDUM(T1)=21, 10670
180 WRITE (39190) IsF3(1)sF5(I)sF7(1)sFO9(I1)sF12{1) 10680
190 FORMAT(IH s1199X34(E15.8910X)3F15,8) 10690
C 10700
C FIND CsDsE AND A FOR FI(S) EQUATI@N 10710
C : 10720
C2=F3(1)%FS(2)*FS5(3)*FT(1)*FT(3)%FQ(2)~F3(3)*¥F5(1)#%2%FT7(2)%*?2 10730
1%F9(3) 10740
C1=2.*F3(3)*F5(1)*F5(2)*F7(1)*F7(2)*F9(3)FF5(3)*F7(3)*(F3(l)*F5(2)10750
1*F7(2n*f9(1)+F3(2)*F5(ﬂ)HF7(1)*F9(2)) 10760
CO=F3(2)%F5 (1)1 *FS(3)XFT7(2)%¥F7(3)%*¥FG(1)~-F3(3)¥F5(2)#X2XF7(])%*%2 10770
1%F9({3) 10780
N3=F7(2)%F9(2)*(F3(1)*F5(3)*¥2%F7(1)-F3(3)*F5(1)*¥%2%F7(3)) 10790
P2=F3(3)%F5(1)1*F5(2)*FTI1)*F7(3)%F9(2)-F3(1)*¥FS(3)**2¥FT7(2)%%2 10800
1%F9 (1) 10810
D1=F3(3)*F5(1)*F5(2)%¥F7{(2)*%FT7(3)*¥FQ(1)-F3(2)%F5(3)*%2%xF7(])%*%2 10820
1%F9(2) 10830
NO=F7(1)1*F9 (1) *¥(F3(2)%xF5(3)%%2%F7(2)—F3(3)*¥F5{2)%%¥2%F7(3)) 10840
E3=F3(1)*F5(1 )% {F5(2)*F7(3)*%X2%¥F9(2)=FS(3)%FT7(2)%%2%xF9(3)) 10850
F2=F3(1)*¥F5(2)%¥F5(3)*¥F7( 1) ¥FT(2)%*FO{3)~F3(2)%F5{1)**2%F7(3)%%2 10860
1%F9(2) 10870
El=F3(2)%F5(1)*F5(3 ) %F7(1)*FT(2)%F9(3)~F3(1)*F5(2)*%2%F7(3)*%2 10880
1%F9(1) . 10890
FO=F3(2)%F5(2)%(FS5(1)*F7(3)%X2%F9(1)~F5(3)*¥FT7(1)*%2%F9(3}) 10900
WRITE (3,200) D3sE3 10910

200 FORMAT(1HO»40Xs5HD3 = sF1548320X9s5HE3 = sE1548) 10920
WRITF (34210) C29D2sF2 10930

210 FORMATIIH $5HC2 = sF1548920X95HN2 = sF15,8920X95HE2 = »F15.8) 10940
WRITE (3,220) ClsD1sF1 10950

220 FORMAT(1IH 95HC]1 = sF1548920Xs5HD] = 9F15,8320Xs5HFL = sE1548) 10960

15
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230

240

260

270

280

290
300
310
320
330

340
350
353
355

360
365

370

WRITE (35230) COsDOSED 10970
FORMAT{IH 95HCO = sF15,8320Xs5HD0 = sE15¢8920Xs5HEQ = sF15,8) 10980
A66==D3*E3 10990
A65=C2%#%2-(D2*E3+D3%E2) 11000
A64=2 *#C1%*C2~(DI*E3+D2*E2+D3*E1) 11010
AB3=C1*¥%242 ¢ *¥CO*¥C2—(DOXE3+D1#E24D2*E1+D3*E0) 11020
AB2=2 ¢ *#COXC1~(DOX¥FE2+D1*E1+D2*EQ) 11030
A61=COX%2-(DOXE1+D]1*FQ) 11040
A60==DO*F0 11050
WRITE (39240) A663A651A6LsA639sA629A6]1 9A60 11060
FORMAT(1HO»6X9s3HA66916Xs3HAGE5316X93HAEL 916X 3HAG3916Xs3HAL2916Xs 11070
13HA61916X93HAG0/1H s6(E15.894X)9E15,8) 11080
11090

SOLUTIGNS OF FI(S) 11100
11110

A=0 11120
I=1 11130
FA=A60 11140
IF(FA)Y 27052609270 11150
S{I)=FA 11160
GO TO® 440 11170
FD=FA 11180
AD=A 11190
A=A+,01 11200
FA={{({{AGEXA+AE5 ) ¥A+AGL ) X A+AL3 ) ¥A+AL2 ) ¥A+A61) *¥A+A60 11210
IF{FA)300+2605290 11220
IF(FD)380+3105310 11230
IF(FD)310+3105380 11240
IF(A=~54127093205320 11250
IF(A-10,)33093405340 11260
FD=FA 11270
AD=A 11280
A=A+,1 11290
GO T@ 280 11300
IF{1-1135093505370 11310
IFIX1-XMAX)360+353+353 11315
WRITF (3,355) 11320
FORMAT(1HO»52HTHIS PROBLEM CAN NO®T BE SOLVED WITH THE GIVEN VALUES11325
1777 11330
GO Te® 1220 11335
WRITE {(3+365) X1 11340
FORMAT(1HO94HX1= sF14.,7928H IS NOT A SATISFACTORY VALUE///) 11345
X1=X1+DELTAX 11350
XB(1y=X1 11353
G@® T® 130 11355
LTINBY=I-1 11360

16



G@® TO® 450 11375

380 S(I1)=—FD*(A—-AD)/(FA~-FD)+AD 11380
1¢c=1 11390

390 H=((((((A66%*SII)+A651%#S{1)+A64)*¥S{ 1)1 +A63)%¥S{T)+A62)%S{T)1+A61)*5(1)111400
14A60) 7/ {L1 ({5 e*AGEXSITI+5e%A65)XS{[)+4.%A64)%S(1)+3,%A63)%5(1)1+2« 11410

2%A62)%S(1)+A61) 11420
S(1)=S(1)-H 11430
IF(ABS(H)~,00000001)44054405400 11440
400 IF{1C=10)410+420+420 11450
410 I1C=IC+1 11460

G® T@ 390 11470
420 WRITE (35430) S(I)sXA(NA)sXBINB) 11480
430 FORMAT(1HO93HS= sF14,7932H CONVERGES TO@® SLOWLY WHEN X1l= sFl4e7s 11490

110H AND X12= sF144.7//) 11500

Ge Te® 310 11510
440 I=1+1 11520
Ge® TO 310 11530
450 WRITE (34460) 11540
460 FORMATI{IHOSIHI»11Xs4HS(T)915XsSHAL(I) 91 7Xs5HA2(I)s17Xs5HB1(1)217Xs11550
15HB2 (1) s17Xs4HT (1)) 11560
LTD=LTI(NB)} 11570
DO® 470 I1=1sLTD 11580
A1(T)=S{T)y*(F5(2)y%xF7(1)=S{1)%F5(1)%¥FT7(2))/(F3(2)%F5(1)-S(1)1*¥F3(1) 11590
1%F5(2)) 11600
A2(T1)=SII)y*(FT(2)*%Fo(1)=S(11*F7(1)*¥F9{2))/{F5(2)*F7(1)-S{1)*F5(1) 11610
1*F7(2)) 11620
B1(I)=F5(3)*(A1(1)*F3{1)+FT7(1))*A2{ 1 )*FS(3)%¥F7(1)=-F7(3)y*(A2{(]) 11630
1%F5(1)+F9 (1)) *A1(1)*F3(3)*¥F5(1) 11640
B2{I)=F5(1)*F7(3)%A2 {1} *F5{(3)%F7(1)-F7(1)*FO(3)*A1(I)*F3(3)*¥F5(1) 11650
T(I)y=B1l(1)/B2(I) 11660
470 WRITE (35480) IsS(I)9AL(I)sA2(1)sBI({I)sB2(I)sT(I) 11670
480 FORMATI(IH »1197XsF114795(7XsE1548)) 11680

IF(ISL2-1151095105490 11690
490 WRITF (3,500) 11700
500 FORMAT(IHOs6X9s4HT(J)s15Xs4HY(J)s15XeaHZ{J)914Xs5HR2(J)»14Xs5HR3{J)11710

1514Xs5HJI2(J) 914Xs5HIZ(U)) 11720

GO T® 530 11730
510 WRITF (3+520) 11740
520 FORMAT(1HO»1HJ 214X s 4HT U ) 920X s6HY/ZZ{ J)s20Xs4HZJ) 921Xs4HY(Z)s21Xs 11750
14HG(U)) 11760
530 J=1 11770
1=1 ! 11780
540 TF(T(1))55095505610 11790
560 IF(I-LTD)5609570s570 11800
560 1=1+1 11810
GO TO® 540 11820
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570 IF{J=11590»590+580
580 J=J-1
IF(ISL2-116505750,4680
590 WRITE (39600)
600 FORMAT(1HO»23HN® POSITIVE T AVAILABLE)
IF(ISL1~-1)350+35045603
603 IF(LMTB-1)604+604+605
604 WRITE(39365) XINT
GO T® 713
605 IFINB-LMTB)608+606s606
606 LMTB=LMTB-1
G® T® 770
608 LLMTB=LMTB-1
D® 609 I=NBsLMTB
609 XB(I)=XB{I+1)
GO® TO® 130
610 YOZ(U)==(F3(3)*¥F5(1)~T(I)*F3(1)%F5(3))/(F3(2)*F5(1)=-S(1)*F3(1)
1#F5(2))
Z(U)y==F3(1)/{(YEZ(JI*F3(2)+F3(3))
Y(J)y=YRZ(J)*Z ()
IF(1SL2-1162097204660
620 GA(UY=FI1(1)+Y () XS{T)*%4%F11(2)4+Z2(J)*¥T(I)%*4%F11(3)
WRITE (39630) JsTHI)sYOZ{U)sZ(J)sY{U)sGALY)
630 FORMATI(1H sI1199Xs4(F1548510X)sE1548)
IF(I-LTD)64096509650
640 J=J+1
I=1+1
GO T® 540
650 LTA(NA)=J
ISL2=1
IStl1=1
653 IF(X1-XMAX)65593539353
655 XA(1)=X1
X1=X1+DELTAX
XB(1)=X1
GO® T® 130
660 R2(J)=SQRTI(S(I})
R3(J)=SQRT(T(I))
J2UUY=Y (U1 R {1 4=X1%%2)/(R2(J)¥%3% (] ,~X2%%2))
J3UU)=Z(J) % (1 e~X1%%2)/(R3(J) *¥%3%(] ,-X3%%3))
WRITE (39670) TUI)sY(U)sZ(J)sR2(U)R3(J)yeJ2(J)sJ3(J)
670 FORMATI(1H 96(E15e6894X)sE15,8)
CHECK(Js1)=F3(1)+Y{(U)*F3(2)+Z(J)*F3(3)
SDUM=S{1)1*Y(J)
TDUM=TI(T)%*2(J)
CHECK (Js2)1=F5(1)+SDUM*F5(2)+TDUMXF5(3)
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11830
11840
11850
11860
11870
11875
11880
11883
11885
11887
11890
11893
11895
11897
11900
11905
11910
11920
11930
11940
11950
11960
11970
11980
11990
12000
12010
12020
12030
12040
12045
12050
12055
12060
12063
12065
12070
12080
12090
12100
12110
12111
12112
12114
12116
12118



SDUM=SDUM%S(1) 12120

TDUM=TDUM*T (I} 12122
CHECK (J93)=F7(1)+SDUMXFT(2)+TDUM*FT(3) 12124
SDUM=SPUM%S (1) 12126
TDUM=TDUM*T () 12128
CHECK (J94)=F9(1)+SDUM*FO(2)+TDUM*F9(3) 12130
SDUM=SDUM%S( 1) 12132
TDUM=TDUM*T (1) 12134
CHECK{J95)=F11(1)+SDUMXF11(2)+TDUM*F11(3) 12136
IF(I-LTD)640,680,680 12138

680 TF(NB-LMTB)690+700,700 12140
690 NB=NB+1 12150
GO TO 130 12160

700 WRITF{3»703) (Is1=195) 12163
703 FERMATI(1HO»21HVALIDITY OF SOLUTIONS//1H »1HJ»5(8Xs9HEQUATIAON sJ11s 12165
12X)) 12767

DO 705 I=1,J 12770

705 WRITF(3+s707) Is(CHECK(IsIT)s1T=195) 12773
707 FORMATI(IH »1195(5XsE1548)) 12175
WRITE (34710) XINTsX2sX3 12177

710 FORMATIIHO®SHX] = sF1447/1H 95HX2 = sF1l447/1H s5HX3 = sF14,7) 12180
713 IF(X1-XMAX)715+124051240 12181
715 TRUN=1 12182
LMTA=1 12184
LMTB=1 12186
1SL1=0 12188
15L2=0 12190
15L3=0 12191
I1SL4=0 12192
ISL5=0 12193
XB(1)=X1 12194

GO T® 120 12196

720 JUB=J+ICNTB 12200
GBIUB)I=FII( 1) +Y (%S (T ) #%x4%F11{2)+Z( ) *T( 1) **4%F111(3) 12210
WRITE (35630) JsTUI)sYOZ(U)sZ(J)sY(J)sGBIJB) 12220
IF(I-LTN) 73057505750 12230

730 IF(JR~2000)64097404740 12240
740 WRITE (35745) 12250
745 FORMAT(1HOs30HHELP - I AM BEING SQUEEZED GUT///) 12260
GO TO 1240 12270

750 IF{1ISL1-1)7535753+755 12273
753 ISL1=2 12275
XB(1)=Xx1 12277

755 LTB(NB)=J 12280
IF(NB-LMTB)760+770,770 12290

760 NB=NB+1 12300
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-~

770

780

790
800

810
820
830
840

850

860
870
880
890

900
910

920

930

940

ICNTB=ICNTB+LTB(NB)
GO T® 130
IPAGE=1PAGE+1

WRITE (3,140) IPAGE
WRITE (3,780) IRUN

12310
12320
12330
12340
12350

FORMAT(1H 943Xs32HCOMPUTED VALUES OF X13 FOR PASS »12//1H »5X»3HX112360

11923X93HX12923X96HG(X11)921X96HG(X12)922X93HX13) 12370
12380

FIND X13 12390
12400

LINE=4 12410
ICNTA=0 12420
ICNTB=0 12430
ICNTC=0 12440
NC=1 12450
1A=1 12460
IAC=TA+ICNTA 12470
18=1 12480
IBC=IB+ICNTB 12490
XCINC)I=(XB(NBI*GA(TA)-XAINA)*GB(IB))/(GA(TIA)-GB(IB)) 12500
IF{ABS{1.-XB{NB)/XC{NC))—,0000001)840+820,820 12510
IF(15L31830+8305870 12520
NC=NC+1 12530
GO Te 870 12540
1SL3=1 12550
IF(IS5L4)850+8504860 12560
ISL4=1 12570
XC{1)=XC(NC) 12575
NC=2 12580
GO Te® 870 12590
NC=NC+1 12600
IF(NC-2000)88057409740 12610
IF(IB-LTB(NB))890,9005,900 12620
IB=18+1 12630
GO Te 810 12640
IFITA=-LTA(NA) 191049205920 12650
IA=1A+1 12660
GO T® 800 12670
NC=NC-1 12675
IF(LINE~50)950+930+930 12680
1PAGE=IPAGE+1 12690
WRITE (35140) IPAGE 12700
WRITE (34940) IRUN 12710

FORMATI{1H »37Xs32HCOMPUTED VALUES OF X13 FOR PASS

»12912H ~ CONTIN12720

1UED//1H 95X93HX11923Xs3HX12923Xs6HGIX11)s21X96HGIX12)s22Xs3HX13) 12730

G® T® 960

20
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950
960
970

973

975
977

980
990

1000

1010
1020
1030
1040

1050
1060

1070
1080
1090

1100
1110

1120
1130

LINE=LINE+2

WRITE (35s970) XA(NA)sXBINB)sGA(ICNTA+1)sGBIICNTB+1)sXC(ICNTC+1)

FORMAT(1IHO»2(F14e7912X)92(E1548312X)sF1568)
IF(LTBI(NB)=1)9759975+977
ND=2

1A=2

1B=1

G® TO® 980
IF(LTA(NA)=1)107041070+973
ND=2

1A=1

I1B=2

1AC=T1A+ICNTA

LINF=LINE+1

IBC=IB+ICNTB

NDC=ND+ICNTC
IF(LINE-56110105101C»1000
IPAGE=IPAGE+1

WRITF (3,140) IPAGE

WRITF (3,940) IRUN

LINE=6

WRITFE (3+970) XA(NA)sXBINB)sGA(IAC)sGB(IBC)sXCI(NDC}
GO® T@ 1030

WRITF (34+1020) GA(IAC)sGB(IBC)sXCINDC)
FORMATI(1IH s52Xs2(F15,8912X)9E15,8)
IF(IB-LTB(NB))1040+105051050
IB=1R+1

ND=ND+1

G® T® 990
IF(IA-LTA{NA))1060+107051070
IA=TA+1

ND=ND+1

GO Te® 980

ICNTC=NC
IFINB-LMTB)109051100,1100
ICNTB=ICNTB+LTR(NB)

NR=NR+1

GO T® 790
IF(ISL5)11109111041120
I1SLS=1

LMTG=ICNTB+LTB (NB)
IFINA-LMTA)I130s114041140
ICNTA=ICNTA+1

NA=NA+1

NB=1

GO T® 790
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12750
12760
12770
12775
12777
12780
12783
12785
12790
12793
12795
12800
12810
12820
12830
12840
12850
12860
12870
12880
12890
12900
12910
12920
12930
12940
12950
12960
12970
12980
12990
13000
13010
13020
13030
13040
13050
13060
13070
13080
13090
13100
13110
13120
13130
13140



Appendix C
FORTRAN SYMBOLS

Fortran Math Equation
Symbol Symbol Description Number
A b Current trial solution for S(I) 3,9
1 A .
22 Al i } Intermediate values in finding y and z 12
2,1
A60 Ay, )
A61 A,
A62 A,
A63 Ass L Coefficients of F(s) 4
A64 A
64
A65 :65
A66 66
AD a Previous trail solution for S(I) 3,9
B1 B, . . < pa 1
1,4 Intermediate values in finding y and z 11
B2 B, .
Co c , s pe 1
0 Intermediate values used in finding
c1 °1 the coefficients of F(s) 5
Co c e coefficients o
CHECK Yalue of left-hand side of equations
in cluster 1
Do d0
D1 d, Intermediate values used in finding
D2 d, the coefficients of F(s) 6
D3 d3
DELTAX. . Increment applied to x, when finding

suitable trial values
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Fortran
Symbol

EO
El
E2
E3
F3
F5
F7
F9
F11
FA
FD

GA
GB

IAC

1B

1IBC

IC

ICNTA

Math

Symbol

o o o o
[ N -]

3,i
5,i
7,1
9,1
11,1

[ s W s T e s B ]

F(b)

F(a)

g(xlA)
g(x,p)

F(s )/F'(s)

Equation

Description Number
Intermediate values used in finding
the coefficients of F(s) 7
Derivatives of the Legendre poly-
nomials,Pj(x),j=3,5,7,9,11 2
The current value of F(s) 3,9
The previous value of F(s) 3,9
Used in making the value of x
satisfy the fifth equation in (1) 16,17
Iterative value substracted from s in
finding the solution of F(s) 8

Running index

Running index for GA in generating

new X,

Actual location of GA in block

Running index for GB in generating
new Xl

Actual location in GB in block

Loop counter in finding solution
for F(s) (up to 10)

Lower bound for index of XA for
given NA and NB

24




Fortran Math

Symbol Symbol

LINE

LMTA

LMTB

LMTC

LMTG

LT

LTA

LTB

LTD

MAXRUN

NA

NC

ND

NDC

R2
R3

Equation
Description Number

Line count on page (used in
print control)

Total number of x,, (or XA)
Total number of x , (or XB)
Total number of new x, (or XC)

Total number of values of GB
generated

Number of values of S or GB for a
given x, or x ,(4 uses)

Number of values of 8 or GB for a
given x“(z uses)

Number of values of S or GB for a
given x , (2 uses)

Dummy limit for D@ Statement (to
eliminate subscript)

The maximum number of passes
allowed in finding new x, (read in)

Running index for XA

Running index for XB

Index to XC (new x, )

Running index for XC (new x, )
Actual location of XC (new x )

Solved solutions with satisfac—} 18
tory x, 19
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Fortran Math

Symbol Symbol

ICNTB

ICNTC

JPAGE
IRUN

ISL1

ISL2

ISL3

IS1L.4

ISL5

1T

J3 i3

JB

{

Description

Lower bound for index of XB for

given NA and NB

Lower bound for index of XC(NC) for

a given NA and NB in printing

Page number (used in printing)

The pass number (up to MAXRUN)

0: Gy, branch
1: G12 branch
2: end G12 branch

0: finding G,,
finding G, ,
2: making final computation

—

0: No satisfactory new x, has
been found

1. A satisfactory new x has
been found

0: Normal

1: Counter reset when first
satisfactory new x, has been
found

0: First time around in finding
new X,

1: Additional times around in
finding new x; —don't re-
calculate LMTG

Index for CHECK subscript
Index (general)

Solved solutions with satisfac-
tory x,

Running index for GB
25
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;

Equation
Number

sense
light
simulators
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[aXala!

C
C
C

1140

1150

1160

1170

1180

1190

1200
1210

1220
1230
1240

LMTC=NC
IF(IRUN-MAXRUN)11505120051200
TRUN=IRUN+1

SHIFT VALUES OVER F®R NEXT PASS

DO® 1160 NB=1,LMTB
XA{(NB)=XB(NB)
LTA(NB)=LTB(NB)

DO 1170 IBC=1sLMTG
GA(IBC)=GB(IBC)
ISL5=0

D® 1180 NC=1sLMTC
XB(NC)=XCINC)
LMTB=LMTC
IF(I5L3)120+12051190
IstL2=2

GO Te 120

ERROR PRINTOUTS AND ENDINGS

WRITE (3,1210) MAXRUN

FORMAT(1HO34HTHIS PROBLEM WILL NOT CONVERGE IN

1777
GO Te 713
WRITE (3,1230)

FORMAT (1HO»40HTHIS OCURRED AT THE START @F THE PROGRAM///)

RETURN
END
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13150

13160
13170
13180
13190
13200
13210
13220
13230
13240
13250
13260
13270
13280
13290
13300
13310
13320
13330
13340
13350
13360

*»12y11H ITERATI®ONS13370

13380
13390
13400
13410
13420
13430



Fortran
Symbol

S

SDUM

TDUM

X1

X2

X3

XB
XC

XDUM

XINT

XMAX

YOZ

Math

Symbol

Description

Solution of F(s)

Dummy value used in computing
CHECK

Solution of equation cluster 1

Dummy value used in computing
CHECK

Solution of equation cluster 1 (also,
initial value of trial x; (read in))

Given solution of equation cluster 1
(read in)

Given solution of equation cluster 1
(read in)

First acceptable trial x,
Second acceptable trial x,
New value of x,

Dummy value used in computing
F3-F11

Dummy x, used in computation
Maximum allowable for x, (read in)
Solution of equation cluster 1
Intermediate value in finding Y and Z

Solution of equation cluster 1
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10

15
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Appendix D
ERROR PRINTOUTS

As an aid to the user, a series of error printouts has been incorporated in
the program to indicate where the problem has gone astray. A description of
these printouts follow.

Statement
Number Test of Printout and its Meaning
353 THIS PROBLEM CANNOT BE SOLVED WITH THE GIVEN
VALUES
No satisfactory solution can be found with the range of solutions
that are allowed when this occurs, the program terminates.
360 (x,) IS NOT A SATISFACTORY VALUE
and 604
The current trial value of X will not work because no solution
of F(s) can be found. The program tries another X,
420 (s;) CONVERGES TOO SLOWLY WHEN X11= (x ) AND
X12= (x4,)
The value of s in question will not converge within ten iterations
when using the Newton-Rapson method of finding the solutions
of F(s). Another value of S is tried.
590 NO POSITIVE T AVAILABLE

None of the solutions of F(s) will give a positive value of T.
Therefore our x, is not a satisfactory value, and another x, is
tried.

1
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Statement
Number

740

1200

12290

Test of Printout and its Meaning
HELP-1 AM BEING SQUEEZED OUT
An excess of 2000 values of x,,, X,,, X3, g(x;,)org(x,,) occurs.
When this happens, the program terminates
THIS PROBLEM WILL NOT CONVERGE IN (MAXRUN)

ITERATIONS

A satisfactory convergence of x, , will not occur for a given part

of xl's.- Another X, is tried.

THIS OCCURRED AT THE START OF THE PROGRAM

The error encountered occurred before any satisfactory solution
of x,,was found. The program terminates.
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Appendix E
SAMPLE PROBLEM

For a test run, the program was run with the following input data:

X2 = .5917002
X3 = .8710000
MAXRUN = 10
X1 = .2000000
XMAX = .2150000
DELTAX = ,001

The first two acceptable values of X1 were .2090000 and .2110000.

When the iterative interpolation (or extrapolation) was applied to these values
of X1, we get

Iteration New X1

1 .2095635
.2096869
.2098787
.2098228
.2098287
.2098290
.2098290

U W

with
X1 .2098290
X2 .5917002
X3 = .8710000,

we solved for R2, R3, J2, J3, and got

R2 = 1.003553
R2 = .998336
42 = 0.
J3 = 0.
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Substituting these solutions into the five equations, we obtain

Equation 1: -.1117587 x 1077
Equation 2:  .2607703 x 1077
Equation 3:  .3725290 x 10-8
Equation 4:  .2980232 x 10-°
Equation 5: .1546740 x 10-3

Since equation 5 contains fourth-degree terms, any error will be exaggerated
when checking.
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